Leishmania major infection of macrophages is followed by a time-dependent appearance of lipophosphoglycan (LPG) that can be detected on the surface of infected cells by monoclonal antibodies. The origin of these LPG epitopes is probably the intracellular amastigote. LPG epitopes could be detected on the amastigote and the infected macrophage by a number of monoclonal antibodies directed to several distinct determinants on the phosphoglycan moiety. The macrophage-expressed LPG may be modified because, unlike the parasite LPG as expressed on promastigotes or amastigotes, it could not be radiolabeled by galactose oxidase or periodate treatment of infected cells followed by reduction with 3H-labeled sodium borohydride. Some LPG epitopes displayed on the macrophage may be anchored with glycosylphosphatidylinositol, and some may be in the water-soluble phosphoglycan form bound to macrophage integrins involved in its specific recognition. The water-soluble population could be released from the infected macrophage by gentle protease treatment.
Leishmania species are digenetic protozoan parasites cycling between the promastigote form in the insect vector and the obligatory intracellular amastigote form that resides in the phagolysosome of mammalian macrophages. Two parasite surface molecules have been implicated in the process of host recognition, attachment, and invasion; namely, a glycoprotein (gp63) and a lipophosphoglycan (LPG) (11, 28, 29, 32, 33) . Both molecules are anchored into the parasite membrane with glycosylphosphatidylinositol (GPI) anchors which resemble the membrane anchors of several eucaryotic proteins, including Trypanosoma brucei variant surface glycoproteins (5, 9, 27; J. McConville and A. Bacic, Mol. Biochem. Parasitol., in press). The two molecules may act synergistically in the process of macrophage recognition by binding to different integrins on the macrophage surface (31; P. Talamas-Rohana, S. D. Wright, M. R. Lennartz, and D. G. Russell, Proc. Natl. Acad. Sci. USA, in press).
Leishmania major, the cause of human cutaneous leishmaniasis, produces a spectrum of diseases in the mouse model for leishmaniasis not unlike those described for humans. A considerable body of experimental evidence demonstrates the importance of T-cell-mediated immune responses for both resistance and susceptibility to disease (for reviews, see references 17, 20, and 24) . Resistance can be attributed to lymphokines with macrophage-activating properties, probably produced by THl cells recognizing parasite antigens on the surface of infected macrophages (for reviews, see references 25 and 34). Various L. major parasite antigen preparations have been shown to induce host protection in mice (25) , and one of the most efficient of these has been killed infected macrophages (22, 23) . Among the Leishmania molecularly defined antigens, LPG and gp63 have been shown to be host protective (though variably) in the mouse model for cutaneous leishmaniasis (14, 30) .
LPG epitopes have been shown to be displayed on the surface of L. major-infected macrophages by using monoclonal antibodies (6) , and these epitopes could be available for immune recognition by T cells. In order to further characterize the nature of the LPG molecules expressed on the infected macrophage, we examined the time course of appearance, origin, and antigenic epitopes of LPG as detected by several monoclonal antibodies.
MATERIALS AND METHODS
Parasites. Promastigotes of the L. major cloned cell line V121 (13) and were infected with promastigotes at a ratio of 5:1. Parasites were allowed to infect for 2 h at 37°C, free organisms were removed by vigorous washing, and the cells were incubated at 37°C for various times. At each time point, the cover slips were washed three times in warm phosphatebuffered saline (pH 7.3) (PBS) and used for immunofluorescence. At this infection ratio, about 50 to 60% of cells harbored multiple amastigotes after overnight incubation.
Immunofluorescence and flow cytometry. For the flow cytometry analysis, the macrophages were infected in suspension by using the protocol described previously (13) . Free promastigotes were removed by centrifugation and subsequently gated out of the analysis on the basis of size. Infected macrophages, or normal macrophages which had been incubated with LPG or the water-soluble phosphoglycan (PG) derived from it by Staphylococcus aureus phosphatidylinositol-specific phospholipase C (PIPLC), were incubated for 60 min on ice with the monoclonal antibodies described below and then with fluorescein isothiocyanate (FITC)-conjugated sheep anti-mouse immunoglobulin G F(ab)2 (Silenus Laboratories, Melbourne, Australia). For some experiments, PG was purified from promastigote culture supernatant by monoclonal antibody WIC-79.3 affinity chromatography (6, 12 (21) , and LPG was purified to homogeneity by hydrophobic interaction chromatography on octyl-Sepharose. LPG was quantitated by using the sulfuric acid method of Dubois et al. (7) . Surface labeling of macrophages. LPG molecules on the surface of infected macrophages were labeled by treatment with galactose oxidase or sodium periodate followed by reduction with 3H-labeled sodium borohydride (11, 16) .
Macrophages were seeded (107 cells) on large petri dishes in 10 ml of RPMI medium with 10% fetal calf serum and infected as described above. Monolayers were washed in PBS, covered with 2 ml of PBS containing 10 U of galactose oxidase, and incubated at 37°C for 30 min. The PBS was then removed and replaced with 2 ml of fresh PBS containing 1 mCi of 3H-labeled sodium borohydride (Dupont, NEN Research Products, Boston, Mass.). The cells were incubated for an additional 20 min at room temperature, washed three times in PBS, and solubilized in situ in 1% Triton X-114 in PBS. The core of LPG has been shown to contain a galactofuranose residue (18; McConville and Bacic, in press) which can be radiolabeled by very mild periodate oxidation followed by reduction with 3H-labeled sodium borohydride. Macrophage monolayers prepared as described above were treated with 2 mM sodium periodate in 2 ml of PBS for 10 min in the dark at room temperature. They were washed in PBS and incubated with 2 ml of PBS containing 1 mCi of 3H-labeled sodium borohydride for 20 min at room temperature before solubilization in 1% Triton X-114 as described above.
Triton X-114 phase separation of integral membrane glycoconjugates. Cell lysates were prepared as described above and left on ice for 30 min, and then insoluble material was removed by centrifugation at 37,000 x g for 30 min at 4°C. Integral membrane glycoconjugates were separated from the cytoplasmic aqueous components by using the protocol devised by Bordier (3) as modified by Murray et al. (26) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was done as described previously (15) using the Laemmli system (19).
Monoclonal antibodies. Monoclonal antibody WIC-79.3 has been characterized in detail (6, 11, 12) and shown to recognize a polymeric epitope specific for L. major LPG. Monoclonal antibodies CA7AE, recognizing the repeating unit of LPG, and L157, recognizing the core of LPG, were a generous gift from D. Tolson and T. W. Pearson, and they recognized determinants on L. donovani LPG which are also present on L. major (35) .
Monoclonal antibodies 4A2-A2 and 5E6-B4 were raised to L. major LPG (unpublished results), and they recognized distinct epitopes which are also different from the WIC-79. 3 when normal macrophages which had bound the PG portion of LPG alone were treated with 10 jig of pronase per ml, the immunofluorescence was totally abolished (Fig. 2) .
In order to assess whether there was a population of LPG molecules which was anchored with lipid and which could not be removed by pronase, infected macrophages were treated with 10 U of the PIPLC from S. aureus for 1 h at 37°C. This concentration of enzyme has been shown to hydrolyze 1 ,ug of purified LPG to completion in 6 h at 37°C (data not shown). PIPLC treatment of infected macrophages had no effect on the level of LPG immunofluorescence as detected by WIC-79.3 (Fig. 3) . However, the S. aureus PIPLC also had no effect on the hydrolysis of LPG on live L. major promastigotes (data not shown), thus negating the utility of this approach.
Radiolabeling of LPG on infected macrophages. L. major LPG contains terminal galactose which can be radiolabeled with 3H-labeled sodium borohydride after treatment with galactose oxidase (11, 12) . Purified LPG was passively inserted into normal macrophages as described previously (16) analyzed by SDS-PAGE. Figure 4 shows a clearly identifiable LPG smear spanning the region of the gel between Mr 45,000 and 20,000 (11, 12) , which could be detected as expected in the detergent phase and in the whole-cell lysate (Fig. 4, lanes a and b) . In contrast, no material was observed in the water phase (Fig. 4, lane c) , suggesting that LPG was anchored as expected through its GPI anchor. Some macrophage polypeptide bands were also labeled by this procedure and detected by SDS-PAGE of both LPG-carrying macrophages (Fig. 4, lanes a, b, and c) and control cells (data not shown).
Infected macrophages were treated as described above with 10 U of galactose oxidase for 30 min at 37°C and then radiolabeled with 500 ,uCi of 3H-labeled sodium borohydride for 20 min at room temperature. Very low levels of the characteristic LPG smear could barely be detected in the lysate or detergent phase of infected macrophages (Fig. 4,  lane d) , in contrast to that detected in macrophages with passively inserted LPG. Similar results were obtained by using periodate oxidation and 3H-labeled sodium borohydride (McConville and Bacic, in press) to label the oligosaccharide core of LPG (data not shown).
In order to ascertain that the macrophages were indeed infected and that the amastigote LPG could be detected, the surface-labeled material examined by SDS-PAGE and autoradiography shown in Fig. 4, lanes d through f, 4 . Analysis of the L. major LPG in normal macrophages with passively inserted LPS (lanes a, b, and c) or in macrophages infected with V121 for 24 h (lanes d, e, and f) by SDS-PAGE. Cells were lysed in 1% Triton X-114, and integral membrane components were separated from aqueous material before being loaded on the gel. Numbers represent the following molecular weight standards: 94,000 (phosphorylase B), 67,000 (bovine serum albumin), 43,000 (ovalbumin), and 33,000 (carbonic anhydrase).
analyzed by Western blotting (immunoblotting), using radioiodinated WIC-79.3 to detect LPG. LPG could be detected in the infected-macrophage lysate as well as in the detergent phase (Fig. 5) . Small amounts were also present in the water phase, probably as PG, either released by the amastigote in the phagolysosome or hydrolyzed during the phase separation procedure. The difference in the apparent molecular weights of the inserted LPG radiolabeled on the live cells in Fig. 4 and that detected by Western blotting in infected cells in Fig. 5 may have been caused by a bias in the purification procedure for lower-molecular-weight material (21) .
LPG epitopes detected on the surfaces of infected macrophages. One possible explanation for the inefficient labeling of LPG on infected macrophages may be structural modification, e.g., loss of terminal galactose. This loss may be expected to manifest itself as a loss of some antigenic determinants recognized by monoclonal antibodies. We used a number of monoclonal antibodies to different epitopes on LPG to test this hypothesis. Monoclonal antibody WIC-79.3, which has been used extensively to detect and characterize LPG (6, 11, 12, 28) , could detect LPG on both amastigotes and infected macrophages (Fig. 6A and B) . While the precise structure of the WIC-79.3 epitope is not known, galactose may be a component, since about 50% inhibition of binding to LPG was obtained with lactose (12) . epitope recognized on both L. donovani and L. major LPG by monoclonal antibody CA7AE (35) . CA7AE could detect L. major LPG on both intracellular amastigotes and the infected-macrophage surface ( Fig. 6E and F) . Monoclonal antibody 5E6-B4, recognizing an epitope distinct from those described above (data not shown), could also detect LPG on the infected macrophage ( Fig. 6C and D) . Moreover, monoclonal antibody 4A2-A2, whose epitope is present in a single copy per molecule of LPG (unpublished observation), recognized LPG on the amastigote as well as on the infected macrophage. However, monoclonal antibody L157, directed to an epitope in the oligosaccharide core of LPG (35) , could detect fixed amastigote LPG weakly but not LPG on the live infected macrophage or on normal macrophages with passively inserted LPG (Fig. 6G and H) , suggesting that steric hindrance may be a factor, since this epitope must be very close to the lipid bilayer. (2), and delbarra et al. (6) have demonstrated the presence of leishmanial antigens on the surfaces of infected macrophages. One of the antigens containing these epitopes has been shown to be LPG (6, 11) . This is one of the few examples of a well-characterized parasite antigen displayed on the surface of the infected macrophage, which should be available for immune recognition by sensitized T cells.
The mechanism by which structurally intact LPG and/or fragments of it reach the external surface membrane is not known. It (9) and the Leishmania gp63 on live promastigotes (unpublished observation). Early studies suggested that parasite antigens may be present on noninfected macrophages in in vitro-infected cultures (10), implying uptake and possible processing of soluble parasite antigens by normal cells. However, in the present studies using monoclonal anti-LPG antibodies, the appearance of LPG was limited to infected cells, with very low background on uninfected cells. In the present study, our observations were limited to 24 h to prevent new rounds of infection and to avoid the presence of extracellular amastigotes which may release hydrophilic PG. This restriction to a 24-h culture period was not the case in the longer-term cultures described previously (10) .
Despite the detection of LPG on infected macrophages by using a battery of monoclonal antibodies directed to distinct epitopes of LPG, LPG could not be efficiently radiolabeled on the surface of these cells. The protocol used relies on the presence and availability of terminal galactose and could successfully radiolabel purified promastigote LPG passively inserted-into the uninfected macrophage membrane. This would suggest that there were no inhibitory factors on the macrophage interfering with the reaction. Moreover, amastigotes purified from lesions and surface labeled by using an identical protocol expressed significant amounts of LPG. The amastigote LPG was similar in many respects to the high-molecular-weight metacyclic form of LPG, and amastigotes were recognized by all the monoclonal antibodies used in this study (T. Glaser et al., submitted for publication). The possibility exists that the form of LPG transported to the macrophage surface may be modified in the phagolysosome or in transit and thus differ from the parasite form. This modification may be chemical and effected by lysosomal enzymes, or it may be a masking effect due to the binding of LPG to macrophage surface molecules such as the integrins or class II major histocompatibility complex molecules. If indeed the macrophage LPG is distinct from the parasite LPG, and this is the form seen by gamma interferonproducing THi cells of the immune system, vaccination with this form of LPG may improve the often variable success rate observed with parasite LPG as a vaccine.
